Background: The cross section for forming a heavy evaporation residue in fusion reactions depends on the capture cross section, the fusion probability, P CN , i.e., the probability that the projectile-target system will evolve inside the fission saddle point to form a completely fused system rather than re-separating (quasifission), and the survival of the completely fused system against fission. P CN is the least known of these quantities. 
I. INTRODUCTION A. Motivation
The remarkable recent progress in the synthesis of new heavy and superheavy nuclei has been made using fusion reactions. These reactions can be divided into two prototypical classes, "cold" and "hot" fusion reactions. In "cold" fusion reactions, one bombards Pb or Bi target nuclei with heavier projectiles (Ca-Kr) to form completely fused systems with low excitation energies (E*=10-15 MeV), leading to a higher survival (against fission) but with a reduced probability of the fusion reaction taking place due to the larger Coulomb repulsion in the more symmetric reacting system. (This approach has been used in the synthesis of elements 107-113). In "hot" fusion reactions one uses a more asymmetric reaction (typically involving a lighter projectile and an actinide target nucleus) to increase the fusion probability but leading to a highly excited completely fused system (E*=30-60 MeV) with a reduced probability of surviving against fission. (This approach has been used to synthesize elements 102-118.) Formally, the cross section for producing a heavy evaporation residue, σ EV R , in a fusion reaction can be written as
σ capture (E c.m. , J)P CN (E * , J)W sur (E * , J)
where σ capture (E c.m. , J) is the capture cross section at center of mass energy E c.m. and spin J. P CN is the probability that the projectile-target system will evolve from the contact configuration inside the fission saddle point to form a completely fused system rather than re-separating (quasifission, fast fission). W sur is the probability that the completely fused system will de-excite by neutron emission rather than fission. For a quantitative understanding of the synthesis of new heavy nuclei, one needs to understand σ capture , P CN , and W sur for the reaction system under study.
The capture cross section is, in the language of coupled channel calculations, the "barrier crossing" cross section. It is the sum of the quasifission, fast fission, fusion-fission and fusion-evaporation residue cross sections. The latter cross section is so small for the systems studied in this work that it is neglected. In these hot fusion reactions, the capture cross sections have either been measured [1] [2] [3] [4] or can be predicted, with reasonable accuracy by semi-empirical systematics [5] or more fundamental calculations [6, 7] . From a knowledge of σ EV R and σ capture , one can calculate the value of the product W sur P CN .
The survival probabilities, W sur , are calculated using well-established formalisms [8, 9] where the principal uncertainty is the values of the fission barrier heights.. Calculations of hot fusion reactions are particularly susceptible to these uncertainties due to the occurrence of multiple chance fission.(The best recent calculations [10] of superheavy element fission barrier heights indicate an average discrepancy between data and theory of about 0.4 MeV with the largest discrepancy being about 1.0 MeV. This latter number roughly translates into an order of magnitude uncertainty in the fission rate). Nonetheless, the operational procedures for calculating W sur are fairly well understood as well as the dependence of W sur on reaction parameters.
The fusion probability, P CN ,is the least well-known quantity that determines the evaporation residue cross section [11] . Not only is the numerical value of P CN uncertain, but the dependence of P CN on excitation energy [11] [12] [13] and the reaction entrance channel is not well established [13] . It is this quantity, P CN , that is the focus of this work.
B. Reaction Mechanisms
When a projectile nucleus interacts/reacts with a heavy target nucleus, there are several possible outcomes/mechanisms that come into play. (Figure 1 ) The process of bringing the reacting nuclei into contact and surmounting the interaction barrier is referred to as "capture" whose probability is reflected in σ capture . Capture can lead to several different outcomes/mechanisms, i.e., fusion, quasifission, and fast fission. We briefly summarize the characteristics of each of these dissipative processes as follows: [14, 15] •fusion-after full momentum transfer, the reacting system evolves inside fission saddle point, resulting in long interaction times and either formation of evaporation residues (fusion-evaporation) (products of complete fusion that de-excite by particle emission) or the formation of mass symmetric fission fragments (fusion-fission)
•quasifission-after full momentum transfer, and intermediate interaction times, the reacting system does not evolve inside the fission saddle point, but re-separates either without significant mass exchange (asymmetric quasifission) or with significant mass transfer (symmetric quasifission). In any case the fragment angular distributions are more anisotropic than those resulting from fusion-fission.
• fast fission-after full momentum transfer and mass drift, the resulting mono-nucleus fissions because there is no fission barrier, due to the large angular momentum, J, of the system.
The capture cross section, σ capture , is thus
while σ f usion , the fusion cross section, is
where σ quasif ission is the quasifission cross section and σ f astf ission is the fast fission cross section. P CN is defined as
The measurement of P CN requires the identification/separation of fusion, quasifission and fast fission (where relevant). Primarily this task becomes one of identifying quasifission, the re-separation of the contacting nuclei before moving inside the fission saddle point. There When does quasifission occur? Three general, semi-empirical answers to this question are: (a) when the mean fissility of the reacting system, x m , exceeds 0.72 [16, 17] (b) when the product of the atomic numbers of the reacting nuclei, Z 1 Z 2 , exceeds 1600 [1, 16, [18] [19] [20] [21] and (c) when the asymmetry, α, of the reacting system is less than the mass asymmetry associated with the Businaro-Gallone point [22] [23] [24] [25] [26] . Unfortunately there are known exceptions to each of these general rules, i.e., (a) [24, 27, 28] (b) [29] [30] [31] (c) [31, 32] .
What are the measurable characteristics of quasifission? Historically quasifission has been identified by a broadening of the fragment mass distributions caused by the presence of asymmetric mass distributions due to quasifission [14, 26, 33] and by anomalously large fragment anisotropies relative to those expected from fusion-fission [34, 35] .
Initially one associated symmetric fission with fusion-fission, but it was realized that quasifission could lead to mass symmetric fission fragments [36, 37] . Ultimately one realized the utility of looking at the correlation between fission fragment masses and their angular distributions [38] .
What are the relevant theoretical models/predictions about quasifission? Zagrebaev and
Greiner have done a number of calculations of P CN using various approaches [39, 40] , culminating in some simple semi-empirical predictions for P CN (E*) and P CN (Z,A) for cold fusion reactions [11] . There have been a number of calculations of P CN using the di-nuclear system (DNS) approach for both hot and cold fusion reactions [12, 15, [41] [42] [43] that differ from the Zagrebaev and Greiner predictions [11] . A number of calculations of P CN for cold fusion reactions have been made using the "fusion by diffusion" approach [5, [44] [45] [46] that differ from both the DNS and Zagrebaev and Greiner approaches. There have also been a number of attempts [25, 44, 46, 47] to make semi-empirical estimates of P CN using one or another models for σ capture , W sur and using measured values for σ EV R to get values of P CN for both hot and cold fusion reactions. Other aspects of quasifission , such as the time scale and the role of deformation effects in the entrance channel have been treated [38, [48] [49] [50] .
Contradictory results have been obtained both experimentally [13] and theoretically [11, 12] as to the expected dependence of P CN upon excitation energy.
What are the experimental data about quasifission/P CN ? In Table 1 , we attempt to list the current measurements of P CN . The data are sorted by the values of Z 1 Z 2 which serves as an approximate scaling variable although values of P CN ≤ 1 are observed for values of Z 1 Z 2 ≤ 1600. The data described in Table 1 , of necessity, do not include cases where P CN ≪ 1 because the quasifission fraction is not measurable, generally, for P CN ≤ 0.01. If one restricts oneself to E* ∼40-50 MeV (to remove the dependence of P CN upon E*), one can discern a rough empirical dependence of P CN upon fissility (Fig. 2) . The data near x ef f ∼ 0.6 involves 48 Ca projectiles perhaps reflecting the effects of nuclear structure in the entrance channel upon fusion probability [54, 70] . To verify these apparent trends and to allow possible extrapolation/interpolation of these data, it seems as though there is a need for a single measurement of P CN that spans a large range in entrance channel asymmetry at a meaningful excitation energy.
In this report, we describe an experimental study that attempts to directly measure P CN Au. These systems are described in Table 2 where we show that each system has an excitation energy E* of about 60 MeV. The systems span a range in fissility similar to that covered in the data in Figure 2 . From these data, we have used the method of Back [34] to deduce the quasifission and complete fusion-fission components of the fragment angular distributions. We believe (see below) that this method is the best current method of measuring P CN . (We have used this method previously in a study of P CN in cold fusion reactions [13] .) The values of P CN are then compared with current predictions of these quantities.
Some of the systems studied in this work have been studied previously, i.e., the reaction of [25] took these data on evaporation residue production cross sections and compared them to the predictions of the computer code HIVAP assuming P CN was 1. For a best fit to the data, they had to assume a reduction in the fission barrier height of 15%, which could also, as the authors point out, be taken as a need to decrease P CN . Another related study [56] was that of the fragment angular distributions in the reaction of 185 [57] . The data are well described by the standard theory of fission fragment angular distributions [8] , except that there were some difficulties due to the occurrence of incomplete fusion at higher bombarding energies and the extracted values of the mean spin of the fissioning systems were low for reactions near the Coulomb barrier.
In summary, previous work supports the idea that P CN is 1 for the most asymmetric systems involving the interaction of lighter projectiles with 197 Au.
II. EXPERIMENTAL METHODS
The experiment was carried out in the ATSCAT scattering chamber at the ATLAS accelerator facility at the Argonne National Laboratory. The experimental setup is shown in Figure 3 . • were sampled while the forward array was used for measurements at angles of 53 -75
• .
Time information was measured for each Si detector relative to the Linac pulse structure.
The beam was bunched into packets with a FWHM of 0.71 ns. The average time between beam bursts was 82 ns. From the particle time of flight and energy, the mass of the fragment was calculated.
Energy calibrations of each Si detector were performed using the response of the detectors to 252 Cf fission fragments and elastically scattered beam from a 197 Au target. A correction for pulse height defect was applied to fission fragments striking the detectors, using the response of the detectors to 252 Cf fission fragments. [60] The reaction of heavy ions with 197 Au can lead to elastic scattering, inelastic scattering, deep inelastic scattering, fusion-fission, quasifission and fusion-evaporation residue formation. (The cross section for evaporation residue formation is small in comparison with the other processes and will be neglected in this discussion). Fusion-fission and quasifission events were isolated from the other types of events by analyzing the E vs A response of each detector.
III. RESULTS

A. Capture Cross Sections
The singles fission data at backward angles was integrated using data with θ lab ≤172
The total cross section was deduced from these differential cross sections by the simple assumption that the fission fragments were emitted in a plane perpendicular to the total angular momentum vector, i.e., the fragment angular distribution is given by
The resulting capture-fission cross sections are shown in Fig. 4 and [66] and the coupled channels approach of Zagrebaev [9] . The discordance amongst the measurements and the predictions is discouraging although this situation is consistent with previous evaluations of factors of 2 -10 discrepancies in calculating σ capture [62, 64] .
B. Fragment Angular Distributions
The fission fragment angular distributions were measured using the individual Si detectors and are shown in Figure 5 .
It has been shown [34, 51] that for some reactions that a significant fraction of the fission events result from "quasifission" as well as "true complete fusion". Quasifission is the process where the interacting nuclei merge to form a mononucleus but the system does not evolve inside the fission saddle point. For the purpose of estimating heavy element production by complete fusion, one must separate the contributions of quasifission and true complete fusion in the data. Using the methods outlined in ref [34, 51] which depend on analyzing the shape of the fission fragment angular distributions, we have attempted to estimate the relative contributions of quasifission and complete fusion to the observed cross sections.
The authors of [34, 51] studied the angular distributions for a large number of reactions.
They concluded that one could decompose the observed fission angular distributions into two components, one due to complete fusion and the other due to quasifission. The complete fusion component has an angular distribution characterized by values of the effective moment of inertia, ℑ ef f , as taken from the rotating liquid drop model [63, 67] for J ≤ J CN while the quasifission component has Figure 12 in [68] shows the shapes associated with various values of ℑ 0 /ℑ ef f .
In these equations, ℑ 0 is the moment of inertia of a spherical nucleus with the same A value, complete fusion is assumed to occur for spins 0≤ J ≤ J cn and quasifission is assumed to occur for spins J >J cn . We fitted the observed fission fragment angular distributions allowing the maximum angular momentum associated with complete fusion, J CN , to be a free parameter determined in the calculation. (J max was determined from the sum of the complete fusion-fission and quasifission cross sections using a sharp cutoff approximation.)
We used the familiar expressions for the fission fragment angular distributions [65] ,
neglecting the spins of the target and projectile, where J 0 is the zero order Bessel function with imaginary argument and the error function erf[(J+1/2)/(
The parameter K 2 0 is defined as
where the nuclear temperature at the saddle point T is given as
and ℑ and ℑ ⊥ are the moments of inertia for rotations around the axis parallel and perpendicular to the nuclear symmetry axis, respectively. B f , E rot and E ν are the fission barrier, the rotational energy of the system and the energy lost in the emission of pre-fission neutrons. This later quantity is taken from estimates from [9] . The assumption that
for quasifission is arbitrary. The value of this ratio is greater than that observed in any complete fusion-fission reaction for this fissility [34] but the actual value of this ratio is not well established.
In fitting the angular distribution data, one uses the measured value of σ capture , and 
The final fits to the measured angular distributions are shown in Figure 5 . In Figure 6 , we compare our measured values of P CN (from this work) to the systematics of P CN values [62] for systems with E*= 40 -50 MeV. (Strictly speaking , since all the systems studied in this work involve E* ∼ 60 MeV, we should scale the measured values to E*= 40 -50 MeV. However, because of the controversy [11, 12] about how to do this scaling, we are just plotting our unscaled data.)
All the new data values of P CN are within an order of magnitude of the systematic trend of the previous data. (That is consistent with general predictions of the uncertainties in our knowledge of P CN [64] . ) Zagrebaev and Greiner have suggested [11] that for data where E* ≤ 40 MeV, that P CN (at constant E*) might show a simple behavior
where ζ = 1760 and τ = 45. This expression is intended only to represent P CN for cold fusion reactions with 208 Pb or 209 Bi. As seen in Figure 7 , this expression overestimates the values of P CN for hot fusion reactions.
The "fusion by diffusion" model [5] includes a formalism for calculating P CN that should be applicable to hot fusion reactions. The predictions of that formalism are also shown in Figure 7 . This model gives estimates of P CN that are lower than the measured values but which generally describe the dependence of P CN upon fissility.
Also included in Figure 7 is a simple empirical representation of the data (as a dotted line, i.e.,for x ef f ≤ 0.58, P CN =1. For x ef f ≥ 0.58,P CN =exp (-26.8(x ef f -0.58)).
Siwek-Wilczynska et al. [46] have proposed a parameterization of P CN in the form of an equation
where a ∼ 145 and k = 3.0. The variable z is given as
While this function is intended to describe situations where E* is about 10 MeV above the barrier, it appears do a respectable job of representing the P CN values.
If we look carefully at the data with x ef f ∼ 0.6, we see a variation of an order of magnitude The data are from Table I for systems where E* ∼ 40-50 MeV. 
